1. Introduction {#s0005}
===============

The CRISPR (clustered regularly interspaced short palindromic repeat)-Cas (CRISPR associated) system [@b0005], [@b0010], an adaptive immune response in bacteria and archaea, facilitates RNA-guided site-specific DNA cleavage in various organisms [@b0015], [@b0020]. DNA double-strand breaks (DSBs) induced by CRISPR endonucleases are typically repaired by a cell's own repair processes [@b0025], such as the homology-directed repair (HDR) pathway, the non-homologous end joining (NHEJ) pathway, or an alternative KU-independent process such as the microhomology-mediated end joining (MMEJ) pathway [@b0030], [@b0035], [@b0040], [@b0045]. Among these, the error-free HDR pathway, in the presence of an inserting donor DNA, is useful for generating targeted gene knock-ins or gene corrections [@b0050], [@b0055], [@b0060], whereas the error-prone NHEJ pathway is frequently accompanied with small insertions and deletions (indels) and MMEJ causes DNA sequence-dependent deletions, both resulting in gene disruption at desired target sites [@b0065], [@b0070], [@b0075], [@b0080]. Among various CRISPR effectors [@b0085], type II Cas9 [@b0090] derived from *Streptococcus pyogenes* (SpCas9) is the most widely used due to its high efficacy and simple DNA recognition sequences (5′-NGG-3′), which are also called protospacer adjacent motifs (PAMs) [@b0095], [@b0100]. CRISPR-Cas9 has been utilized in many research areas to achieve goals such as improving plants [@b0105], [@b0110], [@b0115], detecting and curing diseases [@b0120], [@b0125], [@b0130], and revealing genes' functions [@b0135], [@b0140].

Until now, most gene editing studies performed in the absence of an HDR donor have focused on the measurement of indel mutation frequencies at target sites and utilized the mutations for gene disruption or rescue [@b0145], [@b0150], [@b0155]. But a few studies have reported the presence of single nucleotide substitutions near DNA cleavage sites after CRISPR-Cas9 treatment [@b0075], [@b0160]. For example, Wang et al. reported that expression of Cas9 with single guide RNAs (sgRNAs) in human KBM-7 cells ultimately induced various types of DNA mutations; Sanger sequencing of single colony transformants revealed an average of 91% deletions, 6% insertions, and 3% substitutions. However, these substitution mutations caused by CRISPR-Cas9 have not attracted serious attention and are typically thought to be an exception. Furthermore, it is difficult to measure the frequency of substitution mutations accurately, especially in a bulk population of cells. When gene editing is assessed in such populations in high-throughput manner using next generation sequencing (NGS) technologies, DNA substitutions are normally tainted by substitution errors, which are mainly derived from the DNA amplification process [@b0165] and DNA sequencers [@b0170], [@b0175]. Therefore, although substitution mutations have been reported and are expected to exist after CRISPR-Cas9 treatment, most researchers have focused solely on the analysis of indel patterns. Previously, computational tools such as CRISPResso2 [@b0180] and Amplican [@b0185] were developed to calculate substitution frequency in addition to insertion and deletion frequencies, but they are not substitution-dedicated tools for systematically evaluation of substitution patterns and frequencies from the high-throughput sequencing data. In this study, we developed a novel analysis method, CRISPR-Sub, to measure the frequency of Cas9-mediated substitutions by comparing high-throughput sequencing data from Mock- and CRISPR-treated samples. For a massive evaluation of DNA substitutions, we employed high-throughput sequencing using an Illumina Miniseq platform.

2. Materials and methods {#s0010}
========================

2.1. Generation of sgRNA-encoding plasmids {#s0015}
------------------------------------------

Each oligo including sgRNA was purchased from Macrogen (South Korea). Oligos were heated and cooled down to make double-strand oligos. pRG2 sgRNA expression vector was cleaved with *Bsa1* and then ligated with double-strand oligos. Target sequences were selected using Cas-OFFinder [@b0190] to have one on-target and no potential off-targets having mismatches up to 2 in the genome for each sgRNA. The list of oligomers for target sequences are in [Supplementary Table S1](#s0090){ref-type="sec"}.

2.2. Cell culture and transfection {#s0020}
----------------------------------

HeLa (ATCC®, CCL-2™) and HEK293T (ATCC®, CCL-3216™) cells were cultivated in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 units/mL streptomycin. Prior to transfection, 1 × 10^5^ cells from each cell line were cultivated overnight in 24-well plates. For CRISPR-treated cells, 750 ng of SpCas9 expression plasmid and 250 ng of sgRNA expression plasmid were mixed with 100 μl of Opti-MEM medium and 2 μl of Lipofectamine 2000 and incubated for 20 min at room temperature. For Mock-treated cells, the mixture contained 750 ng of SpCas9 expression plasmid only without sgRNA expression plasmid. The mixtures were then gently added to the wells containing cells. After 3 days, transfected cells were detached using 0.05% trypsin-EDTA and genomic DNA was extracted using NucleoSpin Tissue (MARCHEREY-NAGEL & Co. KG).

2.3. LIG4 knockout cell lines {#s0025}
-----------------------------

1 × 10^5^ HeLa cells were transfected with Cas9 expression plasmid (750 ng) and sgRNA expression plasmid (250 ng) expressing an sgRNA targeting exon 1 in the DNA ligase IV gene *LIG4* using Lipofectamine 2000. After 3 days, the transfected cells were detached from the wells and the SpCas9 efficiency was determined in a portion of the cells by deep sequencing. The remaining cells were distributed in 96-well plates, at a density of one cell per well. The presence of *LIG4* mutations in each cell line was determined; cell lines with confirmed mutations were used in later experiments.

2.4. Targeted deep sequencing {#s0030}
-----------------------------

The targeted region (200--270 nucleotides in length) of genomic DNA was amplified using Phusion polymerase in three separate reactions. The PCR products were subjected to paired-end read sequencing using Illumina Mini-seq. The number of total reads is required \>20,000 for verification ([Supplementary Fig. 1](#s0090){ref-type="sec"}). The unjoined NGS results were joined using Fastq-join tool [@b0195] (<https://github.com/brwnj/fastq-join>). Insertion and deletion frequencies were analyzed by Cas-Analyzer [@b0200] (<http://www.rgenome.net/cas-analyzer/>) to confirm the activity of each Cas9/sgRNA.

2.5. Off-line tool for detecting CRISPR-induced substitutions {#s0035}
-------------------------------------------------------------

The off-line version of CRISPR-Sub was developed using Python 3.6. The program extracts the relevant sequence information from the NGS results and removes the sequences with insertion or deletion mutations by comparing their length to that of the wild-type sequence. From the NGS outcomes, we calculated a substitution fold (Sub-fold) value and a frequency of count at each position. When Sub-score of Mock-treated data and/or CRISPR-treated data is 0 at one position, the case will not be included to the dataset for calculating Sub-folds and the cut-off threshold. We used a Gaussian function for a curve fitting to the frequency count data and calculated the threshold for Sub-fold values with P-value under 0.001, using the function "scipy.optimize.curve_fit" and "scipy.stats.norm" in SciPy module (<https://www.scipy.org/>). After counting the number of CRISPR-induced substitution mutations, the program creates a results file using the xlsxwriter module (<https://xlsxwriter.readthedocs.io/>).

2.6. Web-based tool for detecting CRISPR-induced substitutions {#s0040}
--------------------------------------------------------------

CRISPR-Sub, a web-based tool for detecting CRISPR-induced substitutions, was developed using the backend program Django2.2 (<https://www.djangoproject.com/>) and Bootstrap library (<https://getbootstrap.com/>). Gzipped files are decompressed by the JavaScript library pako (<http://nodeca.github.io/pako>). Almost all sequence analysis occurs at the user-client site by JavaScript, whereas curve fitting by the SciPy module (<https://www.scipy.org/>) occurs at the server. Resulting graphs are visualized using Plotly.js (<https://plot.ly/javascript/>). All sequences are aligned by EMBOSS needle [@b0205].

3. Results {#s0045}
==========

3.1. Strategy for calculating the frequency of apparent CRISPR-induced substitutions in a bulk population of cells {#s0050}
------------------------------------------------------------------------------------------------------------------

In high-throughput sequencing data from cell populations, bona fide substitution mutations caused by CRISPR-Cas9 are usually embedded in a set of false-positive substitution errors derived from NGS-related processes. We hypothesized that the false-positive substitutions would occur uniformly within sequenced regions, whereas the bona fide CRISPR-mediated substitutions would be abundant near DNA cleavage sites. Therefore, we expected to measure the total frequency of bona fide substitutions statistically by comparing CRISPR-treated sample data against Mock-treated sample data as a negative control, although it is almost impossible to distinguish whether any given substitution is CRISPR-derived or a false positive.

To concretize our initial idea, we developed a novel analysis platform, named CRISPR-Sub, for NGS data as follows ([Fig. 1](#f0005){ref-type="fig"}). (i) For NGS outcomes, we first aligned all sequencing queries to a reference sequence (wild type; WT) and classified them into three different groups: WT-length, insertion, or deletion according to their lengths. It is of note that the WT-length group includes DNA sequences with substitutions in addition to WT sequences. (ii) For queries in the WT-length group only, we counted the number of mismatched nucleotides at each position in the entire DNA sequence. Then, the substitution frequency (Sub-score) at each position was determined by dividing the total number of substitutions at each position by the total number of WT-length queries. (iii) We repeated the above steps for CRISPR-treated and Mock-treated samples, and ultimately obtained Sub-scores at each position for both. In this step, bona fide and false-positive substitutions are sometimes hard to distinguish because of substitution noise. However, dividing the Sub-scores of the CRISPR-treated data by those of the Mock-treated data to obtain their fold difference (Sub-fold value) should reveal positions containing bona fide substitutions, because they would have higher Sub-fold values than other positions. If there is a natural single-nucleotide variation (SNV) in the DNA queries, it would also fade out in this step because both CRISPR-treated and Mock-treated sequencing data would contain the SNV in common. Thus, CRISPR-Sub analysis of data from a bulk population of cells allows us to pinpoint hotspot positions at which apparent CRISPR-induced substitutions (hereafter, apparent substitutions) are frequently observed, as well as to identify apparent substitutions at hotspot positions.Fig. 1Scheme of the CRISPR-Sub analysis platform. Mock-treated Hela cells are treated only with a plasmid encoding SpCas9, whereas CRISPR-treated Hela cells are treated with plasmids encoding SpCas9 and sgRNA. Genomic DNA is extracted from both Mock- and CRISPR-treated cells, amplified by targeted deep-sequencing, and analyzed by NGS. Sequences in the WT-length group are collected by filtering out the reads having a length different from that of WT. Sub-scores at each position are calculated by dividing the total number of substitutions at each position by the total number of WT-length queries. To exclude NGS and PCR error signals, the Sub-fold value is calculated by dividing the Sub-score of the CRISPR-treated data by that of the Mock-treated data.

3.2. Analysis of apparent substitutions in the PYK2 gene as a proof-of-concept {#s0055}
------------------------------------------------------------------------------

To demonstrate our strategy experimentally, as a proof-of-concept we arbitrarily selected one target site in the *PYK2* gene and transfected plasmids that encoded CRISPR-Cas9 and an sgRNA targeting the gene into human HeLa cells. For the Mock-transfected, negative control, we transfected the CRISPR-Cas9-encoding plasmid alone. For both CRISPR-treated and Mock-treated samples, genomic DNAs were prepared, the DNA target sites were amplified by PCR, and the PCR amplicons were subjected to paired-end read sequencing using an Illumina MiniSeq platform. Then, both sets of high-throughput sequencing data were analyzed by CRISPR-Sub. For the CRISPR-treated samples, the WT-length, insertion, and deletion groups respectively accounted for 11,116 (17.1%), 8944 (13.7%), and 45,042 (69.2%) of the total of 65,102 reads (i.e., the indel frequency was 82.9%), whereas for the Mock-treated samples, the three groups respectively accounted for 53,097 (99.5%), 38 (0.1%), and 243 (0.5%) among the total of 53,378 reads (i.e., the indel frequency was 0.5%) ([Supplementary Fig. 2](#s0090){ref-type="sec"}).

For queries in the WT-length group, we calculated Sub-scores at each position for both Mock-treated ([Fig. 2](#f0010){ref-type="fig"}a) and CRISPR-treated samples ([Fig. 2](#f0010){ref-type="fig"}b). When the results were plotted, no points with values meaningfully above zero were observed for the Mock-treated data at any of the target positions, whereas a few prominent points near the cleavage site (zero on the X-axis) were observed for the CRISPR-treated data. Then, we divided the Sub-scores of the CRISPR-treated sample by those of the Mock-treated sample at each position to obtain Sub-fold values for all DNA positions. As shown in [Fig. 2](#f0010){ref-type="fig"}c, the Sub-scores of certain prominent points were much amplified, indicating their identity as apparent substitutions, but random errors caused by the NGS procedure were depleted. We also confirmed that no points above the threshold were observed when the Sub-scores of the Mock-treated sample were divided by the Sub-scores from another set of Mock-treated data, further supporting the utility of CRISPR-Sub ([Supplementary Fig. 3](#s0090){ref-type="sec"}).Fig. 2Analysis of apparent substitutions in *PYK2* with CRISPR-Sub. (a), (b) Scatter plots of Sub-scores at each nucleotide position in WT-length sequences from the Mock-treated and SpCas9-treated samples. (c) Scatter plot of Sub-fold values, with a graph on the right showing the count frequency fitted with a Gaussian curve. The blue dashed line indicates the threshold value. The red points have Sub-fold values above the threshold, indicating that they represent hotspot positions. (d) (Top) The WT sequence surrounding the target region, with the PAM nucleotides indicated in white on a gray background. (Bottom) The five most abundant mutant sequences in the WT-length group contain apparent substitutions at hotspot positions. The heat map shows Sub-fold values at the hotspot positions. (e) Apparent substitution frequencies in *PYK2* in all queries and in the WT-length group. (f) One pattern of apparent substitutions that was detected in colonies derived from single cells. One allele contains a 7-bp deletion and another contains a C \> T substitution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

To pinpoint hotspot positions at which apparent substitutions are frequently observed, we further made a frequency histogram of Sub-fold values fitted it with a Gaussian curve ([Fig. 2](#f0010){ref-type="fig"}c right panel and [Supplementary Fig. 4](#s0090){ref-type="sec"}). We confirmed that Sub-fold values have normality using a Shapiro-wilk test in two Mock-treated samples ([Supplementary Fig. 5](#s0090){ref-type="sec"}). From the Gaussian fitting, we calculated a standard Sub-fold value (p-value \> 0.001), which serves as a threshold for determining hotspot positions statistically. In this case, the threshold value was 4.56; a total of 12 positions with Sub-fold values higher than 4.56 (indicated as red squares in [Fig. 2](#f0010){ref-type="fig"}c and d) were determined to be hotspot positions; i.e., substitution mutations at these positions are statistically likely to be apparent substitutions. We found that the five most abundant mutant sequences in the WT-length group had substitutions exactly at the estimated hotspot positions ([Fig. 2](#f0010){ref-type="fig"}d), supporting that CRISPR-Sub is relevant for measuring apparent substitutions. In addition, we counted the number of reads having substitution mutations at the 12 hotspot positions, and calculated apparent substitution frequencies by dividing by the total number of all queries (0.43%) and the total number of queries in the WT-length group (2.55%) ([Fig. 2](#f0010){ref-type="fig"}e).

To further confirm that our predicted apparent substitutions really exist in cells, we diluted CRISPR-treated cells and obtained about 960 colonies derived from single cells. We performed high-throughput sequencing for each colony and found that 6 colonies (0.63%) had substitution patterns. The allele frequency of apparent substitutions was 0.31% (6/1920), which is similar with the calculated apparent frequency in all queries (0.43%) in [Fig. 2](#f0010){ref-type="fig"}e. One representative colony showed heterozygous mutation patterns, with a C \> T substitution in one allele and a 7-nt deletion in the other ([Fig. 2](#f0010){ref-type="fig"}f).

3.3. Comprehensive evaluation of apparent substitutions in 50 additional endogenous human targets {#s0060}
-------------------------------------------------------------------------------------------------

We next chose 50 additional targets in endogenous sites in the human genome and applied the CRISPR-Sub method at all targets. Similar to the experiments described above, we treated HeLa cells with a plasmid encoding CRISPR-Cas9 in the presence or absence of a plasmid encoding the appropriate sgRNA, after which we performed high-throughput sequencing at all targets. We found that indel frequencies in the CRISPR-treated samples ranged from 7.12% to 99.92% ([Fig. 3](#f0015){ref-type="fig"}a), whereas the average indel frequencies in the Mock-treated samples were insignificant (0.33 ± 0.31%), indicating that the selected sgRNAs worked efficiently at all tested sites. Then, we applied the CRISPR-Sub method to pinpoint hotspot positions for each target ([Supplementary Fig. 6](#s0090){ref-type="sec"}). and found that the hotspot positions were positioned near cleavage sites ([Fig. 3](#f0015){ref-type="fig"}b and [Supplementary Fig. 7](#s0090){ref-type="sec"}). Note that hotspot positions distal to the expected cleavage site have low probability of bona-fide substitutions.Fig. 3Frequencies and patterns of indel mutations and apparent substitutions at endogenous sites in HeLa cells. (a) Bar graph showing the frequencies of insertions (blue) and deletions (red) at 51 targets (n = 1). (b) Frequency of hotspot positions at each nucleotide position. (c) Box plot showing the apparent substitution frequencies in all queries and in WT-length group (n = 51). (d) Heat map of mutation patterns in Mock-treated samples. (e) Heat map of mutation patterns at hotspots in CRISPR-treated samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We next calculated apparent substitution frequencies for each target both in all queries (average 0.80 ± 0.1.52%) and in the WT-length group (average 2.64 ± 3.88%) ([Fig. 3](#f0015){ref-type="fig"}c). Notably, the apparent substitution frequencies in WT-length groups have a positive correlation with indel frequencies (i.e. the Pearson's coefficient is 0.58), whereas the apparent substitution frequencies in all queries have a lower correlation with indel frequencies (the Pearson's coefficient is −0.22) ([Supplementary Fig. 8](#s0090){ref-type="sec"}). For example, a target in the *ARG* gene showed a 97.48% indel frequency. In this case, the apparent substitution frequency is very high (12.62%) in the WT-length group but very low (0.32%) in the whole set of sequences because most sequences have indel mutations and a few sequences only have substitution mutations. Therefore, it is necessary to measure the apparent substitution frequencies in the WT-length group, which reflects the tendency and characteristics of substitution mutations more directly, as well as in the whole set of sequences for substitution analysis to investigate hotspot positions and substitution patterns.

We further investigated the nucleotide conversion patterns at hotspot positions in all targets. Initially, we hypothesized that substitution errors in NGS data would mainly be the result of errors by DNA polymerase and NGS sequencers. It was previously reported that Phusion DNA polymerase causes transition (mainly A \> G and T \> C) rather than transversion (i.e., purine to pyrimidine or pyrimidine to purine) mutations during PCR [@b0210]. On the other hand, it is known that Illumina Mi-seq and Mini-seq sequencers on average have a substitution error rate of 0.1%, primarily causing A \> T or T \> A conversions, at levels that are affected by the GC content [@b0215], [@b0220]. We first measured all nucleotide conversion patterns for the Mock-treated samples ([Fig. 3](#f0015){ref-type="fig"}d) and found that G \> A or C \> T transitions were dominant; presumably these mutations were induced during the PCR process. To our surprise, however, the substitution patterns at hotspot positions in the CRISPR-treated samples showed no dominant conversion pattern(s) ([Fig. 3](#f0015){ref-type="fig"}e), indicating that CRISPR-mediated substitutions lack sequence dependence and conversion preferences.

3.4. The NHEJ pathway is a major cause of the observed nucleotide substitutions {#s0065}
-------------------------------------------------------------------------------

We next investigated which cellular repair pathway is responsible for the apparent substitution mutations. In contrast to MMEJ, which induces deletions according to short homology sequences, NHEJ induces indels regardless of sequence context. Therefore, we strongly postulated that NHEJ would be the dominant cause of base substitutions after CRISPR-Cas9 treatment. It is well known that Ku70, Ku80, DNA ligase IV, and XRCC4 are essential components of the NHEJ repair pathway in human cells [@b0225]. To demonstrate a correlation between NHEJ and the substitutions we observed, we sought to inhibit the NHEJ pathway by disrupting one component, DNA ligase IV. Toward this end, we used CRISPR-Cas9 to target the *LIG4* gene and generate DNA ligase IV-deficient HeLa cell lines. We next selected eight endogenous targets that exhibited high rates of indel formation in the experiment in [Fig. 3](#f0015){ref-type="fig"}a, targeted those sites in the *LIG4^−/−^* cells using CRISPR-Cas9, and applied the CRISPR-Sub method of analysis ([Fig. 4](#f0020){ref-type="fig"}a). Interestingly, NGS data showed that insertion frequencies in the *LIG4^−/−^* cells were significantly reduced compared to frequencies in WT cells, whereas deletion frequencies in the *LIG4^−/−^* cells were increased ([Fig. 4](#f0020){ref-type="fig"}b and c). We further calculated the frequency of MMEJ-mediated deletion, which have microhomology sequences of at least 2 bases, and found that MMEJ-mediated deletion frequencies in the *LIG4^−/−^* cells were significantly increased, suggesting that disruption of NHEJ may promote the alternative MMEJ pathway [@b0230], [@b0235]. On the other hand, the apparent substitution frequencies were decreased dramatically at most targets (six of the eight sites) in the *LIG4^−/−^* versus the WT HeLa cells ([Fig. 4](#f0020){ref-type="fig"}d), strongly suggesting that the NHEJ repair process is primarily responsible for the nucleotide substitutions.Fig. 4Frequencies of indels and apparent substitutions in WT and *LIG4^−^*^/^*^−^* HeLa cells. (a) Experimental scheme. (b), (c) Bar graphs showing the frequencies of insertion (blue), deletion (red), and MMEJ-mediated deletion (orange) at eight endogenous targets in WT and *LIG4^−^*^/^*^−^* cells (n = 1). (d) Apparent substitution frequencies in the WT-length groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. CRISPR-induced substitutions in human HEK293T cells {#s0070}
--------------------------------------------------------

One question of interest is whether CRISPR-induced substitutions occur in other than HeLa cells. To address this issue, we selected nine representative targets that exhibited high rates (average 60%) of indel formation in the experiment in [Fig. 3](#f0015){ref-type="fig"}a, targeted those sites in the human HEK293T cell line using CRISPR-Cas9, and applied the CRISPR-Sub method. We found that the indel frequencies ranged from 10.93% to 72.63% in the CRISPR-treated samples, whereas average indel frequencies were insignificant (0.16 ± 0.12%) in the Mock-treated samples, indicating that the selected sgRNAs worked efficiently at all tested sites ([Supplementary Fig. 9](#s0090){ref-type="sec"}). The average apparent substitution frequencies in the WT-length group were significantly higher for the CRISPR-treated (1.03 ± 0.78%) versus the Mock-treated samples (0.38 ± 0.24%), indicating that CRISPR-mediated substitutions occur similarly in HEK293T and HeLa cells.

3.6. Construction of a web-based CRISPR-Sub tool {#s0075}
------------------------------------------------

The CRISPR-Sub method requires the step-by-step use of several statistical and computational analysis programs, which are deposited at github (<https://github.com/Gue-ho/CRISPR-Sub>). Users who do not have a computational background may not be comfortable using these command-line programs. Furthermore, CRISPR-Sub requires a relevant computational environment, including the LINUX operating system. Therefore, we constructed an online version of the CRISPR-Sub program ((<http://www.rgenome.net/crispr-sub>), through which users can easily analyze CRISPR-mediated substitutions by simply clicking on a few buttons. Because the CRISPR-Sub web tool was developed using JavaScript, it is almost completely used at a client-side web browser on-the-fly and there is no need to upload large NGS datasets to a server, which reduces running time. The CRISPR-Sub web tool receives NGS raw files (unjoined fastq files, gziped unjoined fastq files, or fastqjoin files) and displays the results in a web browser. The CRISPR-Sub web tool can analyze a 1.1 GB fastqjoin file and a 1.2 GB control fastqjoin file via Ryzen3 3850x and 32 GB RAM in 75 s. The results are provided with useful information including the Sub-fold value at each position, sequence reads containing substitutions, apparent substitution frequencies, and apparent substitution sequences aligned to the reference sequence ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5A sample CRISPR-Sub web tool results page. In Mock-treated data, apparent substitution frequencies are indicated as N.A. The heat map for hotspot positions is calculated by aligning 5′--3′ by target sequence. The aligned results are classified in each group at CRISPR- and Mock-treated data.

4. Discussion {#s0080}
=============

In this study, we developed a novel analysis method, named CRISPR-Sub, to statistically detect apparent substitutions in high-throughput sequencing data by comparing data from Mock- and CRISPR-treated samples. CRISPR-Sub distinguishes apparent substitutions from false-positive substitution errors that are mainly introduced by the PCR process and determines apparent substitution frequencies in the WT-length group of sequences or in all queries.

To test the reproducibility of the CRISPR-Sub method, we prepared identical genomic DNA sample and performed CRISPR-Sub repeatedly. The results showed that there were no substantial differences between replicates in terms of apparent substitution frequencies, verifying the reproducibility of CRISPR-Sub ([Supplementary Fig. 10](#s0090){ref-type="sec"}). In addition, we examined the DNA polymerase dependence of CRISPR-Sub. To this end, we tested three different DNA polymerases (SUN Tag, KOD Taq, and Phusion polymerase) that have been known to have different fidelities. As expected, the Sub-scores in Mock-treated sample as well as CRISPR-treated sample varied according to the type of DNA polymerases but the Sub-fold showed less variable values ([Supplementary Fig. 11](#s0090){ref-type="sec"}). This result suggests that DNA polymerase-mediated errors can be destructive by dividing the CRISPR-treated with Mock-treated Sub-scores to determine the Sub-fold values.

In summary, we detected apparent CRISPR-induced substitution mutations and measured apparent substitution frequencies in bulk cell populations via CRISPR-Sub. Recently, DNA base editors have been developed to induce C-to-T or A-to-G substitution without generating DNA cleavages [@b0240], [@b0245], but they are also limited in the types of targeted base conversions and unintended promiscuous substitutions with side effects in genomic DNA or RNA levels [@b0250], [@b0255], [@b0260]. Therefore, going forward, use of CRISPR-Sub will enable consideration of CRISPR-mediated substitutions in gene editing experiments. Both off-line (<https://github.com/Gue-ho/crispr-sub>) and online (<http://rgenome.net/crispr-sub>) versions of CRISPR-Sub are available for users' convenience.
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